We extend our analysis of the dynamical evolution of simple star cluster models, in order to provide comparison standards that will aid in interpreting the results of more complex realistic simulations. We augment our previous primordial-binary simulations by introducing a tidal field, and starting with King models of different central concentrations. We present the results of N -body calculations of the evolution of equal-mass models, starting with primordial binary fractions of 0 -100 %, and N values from 512 to 16384. We also attempt to extrapolate some of our results to the larger number of particles that are necessary to model globular clusters.
INTRODUCTION
Several observational surveys of globular clusters have highlighted the importance of binaries, which are found to constitute up to 50% of the mass of the core (e.g., see Rubenstein & Bailyn 1997; Albrow et al. 2001; Bellazzini et al. 2002; Pulone et al. 2003) . Such a high number of objects is extremely unlikely to have been can be produced due to three-and four-body encounters, such as blue stragglers, X-ray binaries and binaries containing pulsars.
Despite this theoretical and observational interest, the evolution of star clusters with primordial binaries still presents open issues, mainly due to the intrinsic complexity of numerical simulations of a system where the local dynamical timescale may be many orders of magnitude smaller than the global relaxation timescale (hard binaries have an orbital period of a few hours, while the half mass relaxation time may be of order a few billion years). Numerical simulations have thus been performed either using approximate algorithms such as Fokker Planck or Monte Carlo methods (Gao et al. 1991; Giersz & Spurzem 2000; Fregeau et al. 2003) , which often have to rely on a knowledge of the relevant interaction cross sections, or using direct N -body codes but employing only a modest number of particles N ≈ 10 3 (McMillan et al. 1990; McMillan & Hut 1994; Heggie & Aarseth 1992) . Both approaches could potentially lead to misleading results. On the one hand, cross sections, such as those computed under idealized conditions for isolated three body encounters, may not accurately reflect the realistic interactions in a densely populated and fluctuating core. On the other hand, extrapolation from direct simulations may prove to be non trivial, as it is not clear how to scale the results obtained with the number of particles.
We have thus recently started (Heggie et al. 2005 , hereafter Paper I), a program to survey the basic properties of the evolution of an idealised star cluster with a population of primordial binaries, with the aim of placing a stepping stone for the interpretation of realistic complex numerical simulations, such as those recently performed by Portegies . In the first paper of our series we have focused on the evolution of isolated, equalmass models, with a primordial binary fraction in the range 0 − 100 % and with a number of particles N in the range from 256 to 16384. We have compared our results not only with those of the study carried out by Gao et al. (1991) (who used a Fokker Planck code), and also to some extent with Giersz & Spurzem 2000 and with Fregeau et al. 2003 , but also with a theoretical model which predicts the evolution of the core radius (Vesperini & Chernoff 1994) . We have shown that significant differences arise between direct N -body simulations and the Fokker Planck calculations of Gao et al. (1991) . In particular we found that, starting from the same initial conditions, the number of binaries in the core after the core collapse is significantly lower in our simulations than the number reported by Gao et al. (1991) . This could have important consequences in attempts to trace back the original primordial binary fraction by observations of the current number of binaries in the cores of globular clusters. Another interesting finding is that the value of core to half mass ratio in the post collapse phase seems not to follow the theoretical expectation from the work of Vesperini & Chernoff (1994) , as, by varying the number of particles N , we observed a steeper decrease of rc/r h than that expected (∝ 1/ log (0.4N )).
In this paper we extend our simulations to include the effect of the tidal field of the galaxy. We consider the evolution of King models with different concentration indexes and primordial binary ratios. We focus the comparison of our sample of direct simulations on the Monte Carlo simulations performed by Fregeau et al. (2003) , hereafter Fregeau et al. They studied the evolution of isolated and tidally truncated star clusters with a population of primordial binaries in the range 2 − 20 % and a realistic particle number (N = 3 10 5 ). Their two-dimensional Monte Carlo Method is expected to offer significant advantages over the onedimensional code used by Gao et al. (1991) . The work of Fregeau et al. led to some important conclusions. For tidally limited clusters they noted for the first time the possibility of an initial expansion of core radius of the cluster in the presence of a significant population of primordial binaries, when starting from models with a high central concentration (i.e. W0 7 King profiles). Fregeau et al. also showed that in general primordial binaries delay the deep core collapse phase that is observed in clusters with only single stars, so that the system can be tidally evaporated before collapsing. The comparison of our results with their simulations is mainly focused on fundamental quantities like the disruption rate of the binaries, the core radius and the evaporation time-scale. It must be noted, however, that Fregeau et al have subsequently improved their code by the inclusion of direct numerical integration of encounters (Fregeau et al. 2005) . They note that this alters some of their earlier results, as we mention at appropriate points in the present paper.
The paper is organized as follows: in the next Section we give the physical picture of the evolution of a star cluster with primordial binaries and tidal field that will guide our interpretation of the simulations. In Sec. 3 we present the parameters of our simulation dataset, while in Sec. 4 we present our results, including comparison with the Fregeau et al. results. The last section of the paper provides an extended summary and discussions.
THE PHYSICAL PICTURE: PRIMORDIAL BINARIES AND THE TIDAL FIELD
The evolution of an initially isolated star cluster is driven by the gravothermal instability. Two-body encounters drive a heat flow from the central region of the star cluster, which behaves like a self gravitating system with negative specific heat, to the halo. This triggers a thermal "collapse" on the timescale of the heat flow process. The "collapse" phase lasts until an efficient form of energy generation in the center can stop the process by providing an energy production rate equal to the energy loss rate by two body relaxation from the region of the core. In the case of systems consisting of single stars only, the collapse is stopped only after one or more binaries are formed due to three body encounters in the dense central region. This happens typically on a time scale of order 15 t rh0 , where t rh0 is the initial half-mass relaxation time. At this point, i.e. at the end of core collapse (sometimes called "core bounce"), the central density can be above 10 4 times the average density inside the half-mass radius r h (for N = 16384, or far more for larger N). After core bounce, the generation of energy in the core is accompanied by a steady expansion of the half mass radius. If N is large enough, however, binary activity in the core may cause a temporary temperature inversion which drives the gravothermal instability in reverse. This suppresses binary activity, and further collapses may recur, in a succession of "gravothermal oscillations" (Sugimoto & Bettwieser 1983) .
This picture is strongly modified when a population of primordial binaries is present, as the generation of energy due to existing binaries is more efficient than that due to dynamically formed pairs (see Sec. 2 of Paper I). The initial contraction of the core is thus more gentle and is halted at a lower core density (and at a bigger core radius). The time until the end of the contraction remains of the same order of magnitude with respect to the case where no binaries are initially present (see Fig. 17 in Paper I). The evolution of the system then proceeds with an almost constant ratio of core radius to half mass radius, until the population of primordial binaries is largely depleted, at which point the phase of gravothermal oscillations sets in, much as for the case where there are no primordial binaries (see Figs. 5-6 in Paper I). For an isolated system, the onset of gravothermal oscillations occurs when the mass of binaries has fallen to roughly 10-15% of its initial value (Fregeau et al. 2003, Fig.4; Paper I, Figs. 5,7) .
The presence of a tidal field introduces a new timescale for the evolution of the system. In the presence of a tidal field, the star cluster steadily loses mass at a rate that is almost independent of the properties of the central parts of the system, where binaries accumulate due to mass segregation and act as an energy source for the system. In principle the evaporation can be so fast that the system does not have enough time to deplete its reservoir of primordial binaries before dissolving. On the other hand, if the primordial binary fraction is low or if the tidal field is weak, then the system can burn all the binaries, and undergo a phase of gravothermal oscillations, before being disrupted.
In an isolated system, approximately 100 t rh0 is the typical timescale required for disrupting 80% of the standard primordial binary population considered in our runs (10% in number, binding energy distribution in the range 5 − 700 kT with 3/2N kT being the total kinetic energy of the cluster, when the binaries are replaced by their barycenters). This can be measured from N -body simulations (e.g., see Fig. 7 in Paper I), but it can also be estimated with the following argument. A primordial binary in the range of 5 − 700 kT gives off, on average, around 100 kT before leaving the system (or being dissolved; see e.g., Hut et al. 1992) . Thus if we start with a 10% primordial binary population each single star receives around 10 kT . The energy loss at the half mass radius due to the temperature gradient is of the order of 0.1 kT per star per relaxation time, so we have to wait an order of 100 relaxation times before depleting the binaries.
As evaporation from the cluster preferentially expels single (lighter) stars, even for a King model with W0 = 7, which takes approximately 50 t rh0 to be dissolved for a run with N = 4096, the evaporation of the system is (much) faster than the depletion of a 10 % primordial binary population due to three and four body encounters. Thus the evolution of the core to half mass radius in the post-collapse phase proceeds very similarly to the case where no tidal field is present (when escape is much reduced). One important point to stress, however, is that in this case the half mass radius may be contracting (as a result of the mass loss due to evaporation), while for isolated models it is expanding.
By contrast we shall see (Sec.4.2) that runs starting from similar initial conditions but with less than 5 % primordial binaries may undergo a deep core contraction after depleting the binaries and before being tidally dissolved.
SIMULATIONS: SETUP AND ANALYSIS

Specification of the models
The models considered in this paper are tidally limited, with stars of equal mass m. The initial distribution is a King model with concentration index W0 = 3, 7, 11. Our standard models have a primordial binary ratio of 10 − 20 %, although we have also performed runs with fewer or no primordial binaries (0, 2, 5%) as well as with higher ratios, 50 % and 100 %. As in Paper I we define the primordial binary fraction as:
with ns and n b being the number of singles and binaries respectively. This implies that the fraction of the total mass in binary stars, in the case of equal masses, is larger in the following way:
For example, for a run with 10% primordial binaries, f = 0.1 whereas fm = 2/11 ∼ 0.18. All our results are presented using standard units (Heggie & Mathieu 1986 ) in which
where G is the gravitational constant, M is the total mass, and ET is the total energy of the system of bound objects. In other words, ET does not include the internal binding energy of the binaries, only the kinetic energy of their centerof-mass motion and the potential energy contribution where each binary is considered to be a point mass. We denote the corresponding unit of time by
in general. For the relaxation time, we use the following expression
Our runs follow the evolution of the system until it is completely disrupted, by which we mean that the number of particles drops below 10. However, to avoid possible biases introduced by long-living small-N configurations, we define the dissolution time t dis , as the moment when 98 % of the initial mass of the system has evaporated.
We have considered runs with N in the range 512 − 16384. Note that N denotes the number of original objects, i.e. N = ns + n b . When we discuss a run with N = 4096 and 50% primordial binaries, we are dealing with 6144 stars.
Following Fregeau et al., our initial distribution of the binaries' binding energies is flat in log scale in the range from ǫmin to 133ǫmin, with ǫmin = mσc (0) 2 . Here σc(0) is the initial central velocity dispersion and this choice, if applied to an isolated Plummer model, basically corresponds to the standard range adopted in Paper I, i.e. to 5 − 700 kT approximately, where the mean kinetic energy per particle (over the entire system) is 3kT /2.
To follow the evolution of the system we have used Aarseth's NBODY6 (Aarseth 2003) , which has been slightly modified to provide additional runtime diagnostics on the spatial distributions of single and binary stars. A King model with W0 = 7 required almost one month of CPU time on a Pentium4 3Ghz PC before tidal dissolution for N = 16384 and f = 0.1; the use of GRAPE hardware would not help significantly, as the computational bottleneck is in the treatment of the local dynamics of binaries (however see , for a discussion on the scaling of the computational time with the number of particles in presence of primordial binaries).
The galactic tidal field is treated in our standard sample of simulations as that due to a point mass, and the tidal force acting on each particle is computed using a linear approximation of the field. Particles are removed from the system when they reach a distance from the density center greater than twice the tidal radius rt, defined by (Spitzer 1987) :
where M Gal is the galaxy mass, and R Gal is the distance of the center of the star cluster from the center of the galaxy. We assume R Gal is constant, i.e. the cluster describes a circular orbit. The value of rt is set at the beginning of the simulation to match the cut-off given by the adopted initial King model, and rt is updated during the simulation according to the decrease of M , the total mass of the system. Note that this method of treating the influence of the galactic field is different from the one adopted by Fregeau et al., as they adopted a "cutoff", i.e. they did not consider the tidal force acting on individual particles, and simply removed particles whose distance exceeded rt (see the description of their code in Joshi et al. 2000) . The effects of this different treatment are discussed in Sec. 4.4, where we describe a subset of simulations (W0 = 7 and W0 = 3, f = 0.1, with N from 512 to 16384) using the tidal cutoff treatment adopted by Fregeau et al. Our results, unless otherwise noted, are presented by applying a triangular smoothing filter with width 2.5 t rh (0) (see Fig. 3 , and Sec. 3.2 in Paper I for further details).
A summary of the runs is presented in Table 2 .
Core radius: definition
In Paper I we adopted the following definition for the core radius:r
where the sum is made over the particles within the half mass radius and the density ρi around each particle is computed from the distance to the fifth neighbour (Casertano & Hut 1985) . This definition presents some systematic differences (see Fig. 1 ) from the one adopted by Fregeau et al.:
where σ 2 c is the central velocity dispersion and ρ0 the central density (Spitzer 1987) .
For a proper comparison between our set of simulations and the runs discussed by Fregeau et al. it is important to refer to the same quantities, and in this paper we adopt as definition for the core radius rc the choice taken by Fregeau et al., i.e. Eq. (4) . We estimated the velocity dispersion σ 2 c using all the particles within the radius defined by Eq. (3), while ρ0 has been obtained from the Lagrangian radius containing 1 % of the instantaneous mass of the system.
For the purpose of comparison with Paper I, we also report in Table 2 the value of the alternative definition for the core radius,rc, at the end of the core collapse.
RESULTS AND COMPARISONS
In this Section we discuss the properties of our simulation data set, with the subsidiary purpose of comparing our results with the work carried out by Fregeau et al.
Total mass and evaporation timescale
The evolution of the total mass in our different runs depends mainly on the tidal radius, which in turn depends on the initial concentration index W0, and the results are summarized in Tab. 2 (see also the top panel in Figs. 2-5 ). For example, for N = 4096, the star cluster is tidally disrupted in approximately 10 t rh (0) for a low concentration King model with W0 = 3, while it can survive for approximately 50 t rh (0) for W0 = 7, with W0 = 11 being in between (t dis ≈ 25 t rh (0)). This non-monotonic behaviour with respect to the concentration index W0 may be related to the non-monotonic dependence of the tidal radius on W0, at fixed total mass and total energy: rt(W0) has a maximum around W0 ≈ 8.5 (see, for example, Fig. 8 .3 in Heggie & Hut 2003) .
The initial ratio of primordial binaries does not influence significantly the mass loss of the system and t dis , as can be seen from Fig. 6 . For W0 = 7 the simulation with the longest disruption time is the one starting with 100% of primordial binaries, which is not surprising, as it has the highest number of total stars. On the other hand it is closely followed by the simulations with low binary content (2 % and 5 %) and then by the run with single stars only, which evaporates in 90% of the time needed in the 100 % case. This is probably due to the deep core collapse (simulations with f 0.05 deplete the primordial binaries before the end of the simulation), which creates a rather strongly bound core resilient to evaporation. Curiously, simulations with 20% of primordial binaries are the fastest to evaporate, and this could be due to effects related to mass segregation, which is absent if f = 0 or 1 and tends to expel single stars.
From our set of simulations we observe a marked dependence of the evaporation time-scale on the number of particles used (see Tab. 2 and Fig. 7 ). This is not surprising, as for our adopted standard tidal field treatment, it is known (Baumgardt 2001 ) that the time, in natural units, for the loss of half of the mass of the cluster is approximately proportional to t 3/4 rh0 , i.e.
Within our physically justified tidal field treatment we can take advantage of of eq.(5) for the approximate extrapolation of results on the half-mass time to larger numbers of particles N , if N < 10 6 (Baumgardt 2001 ). If we were to assume that the same scaling applied to the dissolution time (when 98% of the mass has escaped), and to models with primordial binaries when the tide is treated as a cutoff, it would have important consequences for the comparison with Fregeau et al.: in fact if we extrapolated to N = 3 10 5 , we would find that the evaporation time of the cluster had to be decreased by a factor ≈ 2.6 from the results obtained for the N = 4096 simulations and by a factor ≈ 1.9 from the runs with N = 16384. This would mean that a simulation starting from W0 = 7 with 10 % binaries and N = 3 10 5 would take ≈ 18 t rh0 to evaporate. For comparison Fregeau et al. measure t dis 38t rh0 1 for these initial conditions. This and other comparisons are given in Table 1 (second and fourth columns). In Sec.4.4 we discuss the extent to which these differences can be reconciled by considering the effect of the tidal treatment, and other factors where the present studies differ from those on which eq.(5) was based.
Core and half mass radius
In the presence of a tidal field, the system evolves toward conditions in the center very similar to those that we observed for isolated systems. The core radius evolves, usually in a few half mass relaxation times, to reach a ratio rc/r h 1 Note that our definition of t rh0 differs by a factor ln(0.11N )/ln(0.4N ), that must be taken into account for a proper comparison, from that used by Fregeau et al. that is close to that attained at the end of core collapse during the evolution of isolated Plummer models (see Sec. 4.1 of Paper I) with a similar content of primordial binaries. As is depicted in Fig. 8 the evolution of the core to half mass radius, after a first adjustment phase, is largely independent of the initial conditions considered. The evolution then proceeds by keeping this ratio almost constant, as long as there are binaries to burn or until the evaporation has Baumgardt (2001) . Also shown in the lower series is the half mass time for tidal cut-off simulations. Notes: The values for t dis for our runs (THH) have been extrapolated to N = 3 · 10 5 from N = 16384 (see discussion in the text).
In the second column we give t dis for our standard tidal field runs, extrapolated by using eq. (5). In the third column we report our results in case of the tidal cut-off runs, with constant extrapolation for W 0 = 3 and a range of values for W 0 = 7 Sec.4.4. The fourth column contains the results from Fregeau et al.
reduced the total mass below 10% of the initial value. The value of the half mass radius depends on the strength of the tidal field: it remains almost constant during the simulations starting from W0 = 7, up to the final stages of the life of the system, when it eventually falls to zero. The tendency toward expansion due to the energy generated in the core is in fact balanced by the mass loss due to the tidal field. For stronger tidal fields (models with W0 = 3 and 11) the half mass radius decreases steadily. The evolution of the core radius in the first few relaxation times depends on how its initial value compares with the quasi-equilibrium value attained in the intermediate steady binary burning phase. Thus runs starting initially with a relatively big core, such as W0 = 3 (rc(0) ≈ 0.6r h (0), Fig. 2 ) have a rather deep collapse; after about 7t rh0 in our simulation with N = 16384 we measure rc/r h (0) ≃ 0.05. For W0 = 7 and N = 16384 (see Fig. 3 ) the duration of the initial contraction is shorter, and thereafter the core radius is somewhat larger. On the other hand runs that start with a small, concentrated core (W0 = 11), have a first rapid expansion of the core radius (see also Fig. 5 ) up to rc/r h (0) ≈ 0.09 for our N = 16384 run. Much as we have noted for the evolution of isolated clusters in Paper I (see also Vesperini & Chernoff (1994) ), the effect of primordial binaries saturates by around f = 0.1 (see Fig. 9 ).
For W0 = 7 and N = 4096, runs with f 0.05 burn all the primordial binaries before evaporation so that there is a deep core contraction at that point, similar to the one happening in runs with single stars only. In Fig 10 we depict the evolution of a W0 = 7 model starting from f = 0.05: after ≈ 26 t rh0 the number of binaries fall below 20 % of its initial value and the core radius contracts sharply. The precise details for the appearance of this contraction depend critically on the number of particles employed as well as on the initial value of the tidal radius and the primordial binary fraction. In fact, even at fixed W0 and f , varying N changes the evaporation time-scale (Sec.4.1).
The dependence of the value of the core radius on the number of particles is investigated in Fig. 11 . At variance with Paper I, here the Vesperini & Chernoff (1994) model provides an excellent fit to the core to half mass ratio after the core collapse as a function of the number of particles used, provided that in the Coulomb logarithm the value 0.11 is used for the coefficient of N . Thus the formula used for Figure 8 . Evolution of the ratio of the half mass to core radius (upper panel) and of the concentration parameter c = log rt/rc for different King models with f = 0.1, 0.2. The solid line refers to simulations starting from W 0 = 7, the dotted line to W 0 = 11 and the dashed line to W 0 = 3; the number of particles used is 16384. The evolution quickly erases differences due to initial conditions, and during binary burning c and r h /rc evolve very similarly. This figure can be directly compared with Fig. 16 in Fregeau et al. Note that we kept the same range in the y-axis to highlight the differences between our runs and theirs. the fit is (see Vesperini & Chernoff 1994 and Paper I):
where the various quantities are defined as in Paper I. The quantity α is a parameter depending on γ and vc/v h , where γ is the ratio of the expansion timescale r h /ṙ h to t rh , and vc and v h are the velocity dispersion in the core and at the half-mass radius, respectively; we have assumed typical values for these parameters: γ = 10.5 and vc/v h = √ 2 (Heggie & Aarseth 1992; Goodman & Hut 1989) . The quantity φ b is the binary fraction in the core defined as
Finally, µ bs and µ bb are coefficients for the efficiency of binary-single and binary-binary burning and depend on the distribution of binding energy of the binaries. They have been computed as in Paper I assuming a flat distribution in the logarithm of the binding energy from 12 kT to 700 kT . With regard to the core radius there are many quantitative and even some qualitative differences between our results and the earlier results of Fregeau et al. (2003) . But they point out (Fregeau et al. 2005 ) that the core radius is one parameter which has turned out to be behave rather differently following the code improvements summarised in their later paper. Indeed the one case for which a direct comparison with their most recent results is possible is shown in Fig.4 (W0 = 7, f = 0.2). Both models (our N -body model and their Monte Carlo model) show an initial contraction followed by a phase of steady binary burning. The comparison is quantitatively satisfactory, except that, in the phase of steady binary burning, our core radius is about twice as large as theirs. However, it is known that the core radius in this phase is N -dependent (see above, and Paper I), and the sense of the difference is consistent with this. Incidentally, it is worth noting that the evolution proceeds much as in 
Evolution of the primordial binary population
The destruction of the primordial binary population is depicted in the top panel of Figs. 2-5. The number of binaries decreases due to destruction of the softer pairs in the center of the system, and due to tidal evaporation. The relative contribution of these two processes can be inferred from Fig. 12 , upper panel. At first the ratio of binaries to singles decreases, as at the beginning of the simulation relatively many soft (i.e. with E b 15kT ) binaries are present. However at later times the relative number of binaries with respect to singles starts to rise, as most of the surviving binaries are hard to disrupt in three body encounters. In addition tidal evaporation is more probable for singles, as binaries have sunk toward the core of the cluster by mass segregation (see bottom panel in Figs. 2-5 and Fig. 13 ). At the end of our simulations starting from f = 10−20% we find that the fraction of binaries in the core has increased by at least a factor 4 and that the fraction of binaries in the whole system is higher than its initial value. In general the density of binaries in the core is in broad agreement with the numbers observed in Paper I and is not dependent on the details of the initial conditions (see bottom panel of Fig. 12 , where runs starting from W0 = 7 and W0 = 11 show very similar behaviour). The time evolution of the binary distribution is however (partially) at variance with the behaviour of an isolated cluster, where the density of binaries in the core, after the sharp initial increase, declines slowly. The W0 = 3 King model is an extreme example as, due to the relatively small tidal radius, it has an enhanced rate of evaporation of singles over the disruption and evaporation of binaries and the core quickly becomes dominated by binaries.
In this light, the result of Fregeau et al. for their W0 = 11 model with f = 10%, which is reported to deplete the primordial binary population before tidal evaporation, appears odd. In all our runs with f 0.1 the relative abundance of binaries increases at the end of the simulation (see Fig. 12 ). Perhaps these results will change following recent improvements to their technique, but they point out (Fregeau et al. 2005) that, for a model with W0 = 7 and f = 0.2, the masses of the binary and single populations, and their half-mass radii, are quite similar, even after the improvements. Actually our result for this case differs considerably even from the most recent results of Fregeau et al. Their results imply that the binary fraction shrinks to about 0.1 before recovering to about its initial value shortly before the system dissolves. This differs considerably from our result in Fig.12 (upper panel) .
The evolution of the internal binding energy (see Fig. 14) is similar to that observed for isolated systems, with a preferential decrease in the number of less bound binaries. Furthermore, as expected there is a significant correlation of the internal binding energy with the radius (see Fig. 15 ). After approximately 15 t rh (0) the survival probability in the core for binaries with binding energy below ≈ 20 kT is low, as they have either destroyed or hardened. We thus see that softer binaries are mainly present around the half mass radius and in the halo, while the core is dominated by hard ones (with occasionally some short-lived low energy binaries that have been formed dynamically). At later stages of the evolution (see bottom right panel of Fig. 15 ), the softer binaries have almost completely disappeared.
This picture is in qualitative agreement with the results already known in the literature (see e.g., McMillan & Hut 1994; Giersz & Spurzem 2000 and Fregeau et al.) . As our resolution is limited by the modest number of binaries that are present in our runs, it is hard to attempt a precise quantitative comparison with Fig. 15 in the earlier paper of Fregeau et al. However, it seems that the depletion of low binding energy binaries is more efficient in their simulations: between 10 and 20 t rh0 they observe a complete disruption of binaries located almost up to the half mass radius with energy in the range up to ≈ 30 kT . (Please note that their definition of kT differs from ours, as they define T as the mean kinetic temperature of stars in the core). In our runs even at t = 24 t rh0 we observe the presence of a few binaries with E b 15 kT located in the core. Indeed Fregeau et al. (2005) note that binary burning was too efficient in their earlier models where softer binaries were explicitly destroyed.
Tidal cutoff runs
The origin of the strong difference with Fregeau et al. that we find in the evaporation timescale (Sec.4.1) may be partially related to the different treatment of the tide, which they modelled by means of a tidal cutoff. A similar criterion has been studied by Baumgardt (2001) , who found that in this case the evaporation time-scale expressed in relaxation times does not depend on the number of particles of the system if N 4096. Note, however, that Baumgardt (2001) used a fixed tidal radius and, as we have mentioned, measured the evaporation timescale by considering the time at which half of the mass of the system is lost.
For a better comparison with Fregeau et al. we have run a series of simulations for two reference models (W0 = 7 and W0 = 3, f = 0.1) with N from 512 to 16384. In this series of simulations the tidal field we have used hitherto has been replaced by a tidal cutoff, designed to ensure that the cutoff radius decreases in the correct manner as the mass inside this radius decreases.
For the series starting from W0 = 3 with f = 10 % (i.e. with a strong tidal field), we do not observe a significant dependence of the half-mass evaporation time on the number of particles employed. as expected from the experiments with single stars only by Baumgardt (2001) . This result is also consistent with unpublished results by one of us using the initial conditions of the collaborative experiment summarised in Heggie (2003) , except for replacement of the tidal field by a tidal cutoff.
At variance, for the series with W0 = 7 f = 10 % and a cutoff, we observe an N-dependence similar to the use of a tidal field as in our standard runs (see the lower series in Fig. 7) . An interesting open question is whether this dependence for the W0 = 7 cutoff model is only a "small" N effect, and the evaporation time will eventually flatten out by increasing N, or whether this dependence is related to fundamental physical differences between the single stars runs of Baumgardt (2001) and ours. One possible explanation along this line could lie in the fact that the relative core density of binaries with respect to singles in the steady binary burning phase increases with N (see also Fig. 21 in Paper I). In that case for runs with higher N it would be more probable for single stars to evaporate, so that the total mass of the system (and the tidal radius) would decrease faster. This scenario would not apply to W0 = 3 as the system loses more than half of the initial mass before the end of the core collapse. Tanikawa & Fukushige (2005) have also observed differences (in the scaling of the half-mass time with N ) between models with W0 = 3 and 7, though their models adopted a tidal field, and the potential was softened. They tentatively attribute the difference to the time taken for a particle to escape.
Whatever the explanation, this (unexpected) N dependence of the evaporation time in our tidal cutoff runs with W0 = 7 makes the extrapolation of our results highly uncertain. While the dissolution time of our model with W0 = 7, f = 0.1 and N = 16384 in a tidal cutoff is 41.2t rh0 (Table 2) , the dissolution time for a W0 = 7 f = 10% model with N = 3 · 10 5 may be in the range of 20 − 40t rh0 (Table 1,col.3), depending on whether the dissolution time is proportional to t rh0 or scales in accordance with eq.(5). If the actual value is close to the upper limit, then the tidal dissolution time in our W0 = 7 cutoff models would compare marginally well with Fregeau et al., as they find t dis 38. Furthermore, recent improvements to their code appear to have reduced the lifetime slightly for a model with W0 = 7, f = 0.2, and a similar reduction for f = 0.1 would improve the agreement between our N -body and their Monte Carlo results.
For the W0 = 3 series we can instead draw firmer con- clusions: we are in good agreement with the dissolution time of Fregeau et al. (2003) as we extrapolate t dis ≈ 15 t rh0 and they have t dis = 13 t rh0 . This agreement remains tentative, however, until the effects of recent improvements in their code are known. We close this section with a brief comparison between our runs with a tidal field and those with a tidal cutoff. For our W0 = 3, f = 10%, N = 16384 cutoff run (Fig. 16 ) the initial contraction of the core radius is slower than that observed for the tidal field run (see Fig. 2 ): after 8t rh0 rc is two times bigger in the cutoff run. However just before tidal dissolution the core radius value is close in the two runs. Actually, if the time is normalized with the dissolution time, the evolution of rc looks very similar, except in the very last moment, where rc decreases for the cutoff run.
The W0 = 7, f = 10 %, N = 16384 cutoff run (Fig. 17 ) is instead much more similar to the corresponding tidal field run (Fig. 3) . This is probably because the evaporation time scale for the two tidal treatments differs by only ≈ 25%: the core radius evolves basically in the same way. However the half mass radius for the cutoff run initially increases much like as reported by Fregeau et al., while in our field run it remains almost constant. The evolution of the concentration parameter c = log(rt/rc) for both W0 = 3 and Wo = 7 is similar to that observed in the field runs, with, in particular, c still decreasing at the end of the simulation.
The evolution of the fraction of binaries in our cutoff runs is similar to that observed for the field runs and at the end of the simulation we always have a value higher than the initial one, although at fixed time the binary fraction is higher for tidal field runs, where the tidal evaporation (which gives preference to singles over binaries) acts on a faster timescale. 
DISCUSSION AND CONCLUSIONS
In this paper we have continued with our investigation of the dynamical evolution of stellar systems with primordial binaries. In Paper I we considered simple isolated models with equal mass stars and a primordial binary population in the range 0 − 100 %. In these conditions the main parameter that controls the evolution of the system is the primordial binary fraction f . However, for f 0.1 the efficiency of energy generation due to three and four body encounters saturates, so that little difference was observed in the size of the core radius for runs starting with the same number of particles and f 0.1. This behaviour had already been predicted by the theoretical model of Vesperini & Chernoff (1994) , and our runs confirmed this expectation. Interestingly, however, the scaling of the core radius with the number of particles was not quite the same as that predicted by Vesperini & Chernoff (1994) .
Here we have included an important additional ingredient to our simulations: a tidal field. The presence of a tidal field introduces a new time-scale in the simulation, the time needed for the dissolution of the system, which is usually shorter than the time needed to deplete the primordial binary population for simulations starting from f 0.1 and N > 1024. We have considered runs starting from different King models W0 = 3, 7, 11 (and thus a different intensity of the tidal field) with 0 to 100 % primordial binaries, and N from 512 to 16384.
With respect to the results of Paper I, our Fig. 8 nicely confirms that the evolution of the core to half mass radius proceeds much as for isolated models, with different King profiles (W0 = 7 and W0 = 11) evolving very similarly, and for the different values of the binary ratio which we considered here (f = 0.1, 0.2). The King W0 = 3 model nicely illustrates the effects of a strong tidal field: the evolution of rc/r h tries to go toward the common value reached by the other runs with higher W0, but the tidal field manages to disrupt the system just when the common rc/r h value is attained.
One important objective of this paper was also to compare the results obtained by means of direct N -body simulations with the outcome of simulations able to employ realistic number of particles by using approximate methods, like Monte-Carlo and/or Fokker Planck approaches. Just as in Paper I we compared our work with the milestone study of Gao et al. (1991) , here we took as comparison the recent work carried out by Fregeau et al. There are considerable differences with the results reported in Fregeau et al. (2003) , but they have since reported significant changes with an improved treatment of binary interactions (Fregeau et al. 2005) . As a result of these improvements they have discovered that the emission of energy in encounters with binaries was too high in the earlier models. Therefore we have focused our comparison on one case which they illustrated in some detail in their later paper. While it is promising to report that most differences have been cleared up by the improvements, there are exceptions. One is that the binaries still appear to be depleted too rapidly, even in the most recent runs ( Fig.12 ; cf. Fregeau et al. (2005) , Fig.3 ). There remain uncertainties also about the lifetime, but this depends on perplexing problems in the scaling with N : we find evidences that the scaling derived by Baumgardt (2001) for single stars may not be applicable to systems with a significant fraction of primordial binaries.
We finally note that in the presence of a tidal field the prediction of the Vesperini & Chernoff (1994) model, on the size of the core as a function of the number of particles used in the simulation, is in detailed quantitative agreement with the values measured in our set of simulations with W0 = 7. This fact comes as a surprise, because, as we discussed in Paper I, the N dependence given by Vesperini & Chernoff (1994) was not verified for isolated clusters: however, the model does not make any assumption about the presence or absence of a tidal field. The presence of a tidal field seems thus to introduce a difference in the scaling with N of the ratio rc/r h in the steady burning phase, which it would be interesting to understand better. are: the number of particles N , W 0 value for initial conditions, primordial binary ratio f , time of core collapse tcc, time of dissolution t dis (computed at the point where only 2% of the initial mass of the system is left), core radius at core collapse rc, and core to half mass radius after core collapse rc/r h (tcc) (averaged for 5 t rh0 after core collapse), fraction of binaries to singles in the core after core collapse (N b /Ns)c(tcc) (same average as for core to half mass radius), and relative mass of the system at core collapse M (tcc)/M (0). 
